Air-water flow in a 90
INTRODUCTION
Pipe fittings like elbows are common in many two-phase flow industrial applications and the prediction of pressure drop across these represents a very important fundamental and practical issue for piping system design. The prediction of pressure drop across elbows in two-phase flow is obviously more complicated than in singlephase flow due to many additional factors like the buoyancy force, which is mainly responsible for the two-phase flow patterns. An accurate prediction of flow patterns for different flow conditions is essential in two-phase flow investigations because the local pressure drop is strongly affected by the flow regimes [1] , [2] .
Flow patterns are influenced by many factors like flow orientation (horizontal or vertical), flow conditions (adiabatic or diabatic), and physical properties of the fluids. Although there are many empirical maps predicting the two-phase flow patterns in horizontal pipes, [3] , [4] none of these maps can predict the flow patterns accurately for all flow conditions [1] , [5] .
Two-phase pressure drops in straight pipes (dP * /dZ * ) T P were correlated by Lockhart and Martinelli [6] as follows:
where k is the flow phase (liquid F or gas G) and Φ is the two-phase multiplier, expressed by Chisholm [7] as:
where C is an experimental parameter (given in table1) and X is the Martinelli pa- Table 1 : Experimental values of the parameter C [7] Liquid Gas C turbulent turbulent 20 turbulent laminar 12 laminar turbulent 10 laminar laminar 5 rameter defined as:
where (dP * /dZ * ) F and (dP * /dZ * ) G are single-phase pressure gradients in straight pipes for the liquid-phase and the gas-phase, respectively. Although this model was developed for two-phase pressure drop in round pipes, many studies [8] [9] [10] [11] [12] [13] proved that the Lockhart-Martinelli model can be successful for different flow geometries by modifying the parameter C. Other studies [9] , [14] used the Lockhart-Martinelli model to fit pressure drop data of bubbly flow through 90
• and 45
• horizontal elbows. In this study, we are motivated to investigate different air-water flow patterns in horizontal pipes upstream and across a sharp 90
• elbow and to measure the pressure drop. Another crucial objective is to find the Lockhart-Martinelli parameters for the pressure drop across the elbow.
EXPERIMENTAL FACILITY AND PROCEDURES
A new experimental facility was designed and built for this work at The University of Sheffield. The facility consists of water and air lines, phase mixer and the test section fitted with the 90
• sharp elbow. The facility is shown schematically in Fig. 1 . 
Water and Air Lines
Water is pumped from the storage water tank to the test section by using a variable speed pump with 80 LPM maximum flow rate at constant pressure. An automatic variable speed controller is used to obtain a constant pressure flow at variable flow rates. Two different water filters are located before the pump to minimize the intrusion of impurities in the test section. Water flow rates are measured by two different turbine flow meters (FTB-100 and FTB-104) to cover a wide range of water flow rates 1.3 -13.5 LPM and 6.5 -60 LPM, respectively. The flow meters were calibrated by the manufacturer with a ±0.5% flow reading accuracy. A six digits ratemeter (Omega DPF-702) is used to display the flow meters readings in LPM.
The high pressure (10bar) compressed air is supplied by an air compressor which is located outside the building. A pressure valve is used to regulate the air pressure to the required air flow rate. An air filter and dryer is located before the air flow meter to supply the test section with clean dry air. Air flow rates are measured by using an air mass flow meter (FMA-1612A-v2) 2.5-500 SLPM. The flow meter was calibrated by the manufacturer with an accuracies of ±0.8% of reading + ± 0.2% of FS.
Phase Mixer
An air-water phase mixer was designed and constructed for this work. Two jets of water enter the mixer from opposite sides and perpendicularly to the axis of the mixer. Air enters the mixer parallel to its axis through a section of porous media with 0.1mm holes diameters to obtain a smooth air stream. The two-phase mixture leaves the mixer from the opposite side of the air entrance as shown in Fig. 2 .
Test Section
The test section was constructed from commercial acrylic pipes with 2mm wall thickness, 21 mm diameter, and 240D * total length (100D * upstream and 140D * downstream the elbow), where D * is the pipe diameter. The section was assembled from segments which were joined together by using specially designed acrylic flanges. The 90
• sharp angled elbow was constructed by cutting two pipe pieces accurately at a 45
• angles and by welding them together using a special acrylic welding solution. Ten measurements stations are located along the test section to measure the pressure distribution along the section, as shown schematically in Fig. 3 . Pressure taps were designed for this work and they were machined from the same material of the pipes. After fixing the taps in their locations, 1-mm holes were bored radially through the pipe wall to allow the fluid to flow out without perturbing the flow inside the pipe.
Data Acquisition
A differential pressure transducer (PX409-10WDWUI) calibrated by the manufacturer with ± 0.08 % FS BSL accuracy is used to measure the two-phase pressure drop along the test section. An absolute pressure transducer (PX309-100G5V) is used to measure the absolute pressure in the range of 0 -6.8 bar absolute pressure range. It was calibrated by the manufacturer with ±0.25% FS BSL uncertainty. A National Instrument data acquisition system with 16-bit resolution and a dedicated Labview code are used for pressure measurements data logging. Flexible clear pipes with 6mm diameter connect the pressure transducers and the measurement stations.
Type K thermocouples are used with a Picco data logger to measure air and water temperatures at the beginning of each experiment. The thermocouples were calibrated carefully against an accurate thermometer with less than ± 0.5
• C accuracy. The properties for air and water are calculated by using NIST Refprop software [15] by using the measured temperature and pressure for each experiment.
A Phantom v210 high-speed high-resolution camera is used to study the two-phase flow patterns in the straight pipe upstream of the elbow at 1750 FPS. A white acrylic plate with white LED light is employed as a monitor background to obtain optimum quality videos. The videos at different flow conditions are analyzed to distinguish the observed flow patterns at each flow condition.
Experimental procedure
All experiments are started by regulating the water flow rate to the needed value after recording the initial values of pressure and temperature. The connecting pipes between the measurement stations and the pressure transducers are then purged from any possible air bubbles. The preparation of the mixture is started after obtaining a steady state water flow by regulating the air flow rate to the needed value. The 
Uncertainty analysis
The square root of the sum of the sequence method (RSS) [? ] is used for the uncertainty analysis. The measuring instruments are either calibrated by their manufacturers or in the lab, as clarified in section 2.4. The uncertainties in measured values (diameter, length, surface roughness and physical properties) are obtained by direct measurements. The pipe diameter is measured at five different locations by using a micrometer with ±0.1mm uncertainty. The length of the test section and the distances between the measurement stations are measured by using measuring tape with ± 1mm uncertainty, while the pipe surface roughness is measured by using a Dektak 150 surface profiler with ± 2% uncertainty. The angle of the assembled 90
• sharp elbow is measured carefully by using a special protractor with ± 0.5
• uncertainty. The maximum data uncertainties are indicated by error bars in the graphs of section 3.
EXPERIMENTAL RESULTS
For the first time, the two-phase pressure drop across a horizontal 90
• sharp miter elbow for 143 different flow conditions is investigated. The experimental data for the flow visualization and pressure measurements are presented in this section.
Flow Visualization
Four different flow patterns (plug, slug, slug-annular and annular) are observed, as depicted in Fig.4 . The flow patterns are divided into two groups: i) intermittent patterns, which include the plug and slug patterns, and ii) continuous patterns, which include the slug-annular and annular patterns. Fig.5 depicts a comparison between our experimentally observed flow patterns and Mandhane [4] 's predicting map for horizontal pipes. About 70% of the experimental flow patterns are predicted by the map. 
Pressure Distribution
Pressure is measured along the test section (relative to the first measurement station A, as shown in Fig. 3 across the 90
• sharp elbow to quantify the flow perturbation lengths upstream and downstream of the elbow for different flow patterns. Fig.6a depicts the pressure distribution for an intermittent flow pattern case. The pressure increased slightly between stations C and D before dropping after station D upstream of the elbow. Downstream of the elbow, the effect of the elbow lasts longer than upstream of it and it disappears after station G.
The effect of the elbow upstream of the elbow starts from station D for continuous flow pattern as shown in Fig.6b , while the flow recovers after station G downstream of the elbow, similar to the effect on intermittent flow pattern case. The effect lasts longer upstream of the elbow in the intermittent flow pattern case than in the continuous flow pattern case. The elbow pressure loss is counted between stations C and G for intermittent flow and between stations D and G for continuous flow patterns.
Pressure Drop in 90
• Elbow Fig.7 shows the scaled experimental pressure drop data fitted with the LockhartMartinelli correlation eqn.2 [6] . The pressure drop across the whole test section between stations A and J is well expressed by the model with C = 10 − 20. We observe that our data are comprised between the correlation curves for C = 10 and C = 20.
The scatter is due to the additional factors generated by the elbow, such as severe flow separation and significant perturbation of the flow patterns.
The pressure drop per unit length dP * T P /dZ * in the elbow area is higher than across the whole section section and it is strongly affected by the flow patterns as depicted in Fig.8 .
Therefore, we choose to use two C parameters, one corresponding to the intermittent patterns (slug and plug) and one corresponding to the continuous patterns (slugannular and annular). The new values are C = 114 ± 9.4% for intermittent patterns and C = 80 ± 2.9% for continuous patterns. 
